Lakes are a nitrous oxide (N 2 O) source to the atmosphere, but the biogeochemical controls and microbial pathways of N 2 O production are not well understood. To trace microbial N 2 O production (denitrification, nitrifier denitrification, and nitrification) and consumption (denitrification) in two basins of Lake Lugano, we measured the concentrations and N and O isotope compositions of N 2 O, as well as the intramolecular 15 N distribution, i.e., site preference (SP). Our results revealed differential N 2 O dynamics in the two lake basins, with N 2 O concentrations between 12 nmol L 21 and > 900 nmol L 21 in the holomictic South Basin, and significantly lower concentrations in the meromictic North Basin (<13 nmol L
). In the South Basin, the isotope signatures reflected a complex combination of N 2 O production by nitrifying bacteria through hydroxylamine (NH 2 OH) oxidation, N 2 O production through incomplete denitrification, and N 2 O reduction to N 2 , all occurring in close vicinity within the redox transition zone (RTZ). In the North Basin, in contrast, the N 2 O isotopomer signatures suggested that nitrifier denitrification was the main N 2 O source. The pronounced decrease in N 2 O concentrations to undetectable levels within the RTZ, in tandem with an increase in d 15 Nitrous oxide (N 2 O) is a potent greenhouse gas and a major ozone-depleting substance in the stratosphere (Wang et al. 1976; Rasmussen and Khalil 1986; Ravishankara et al. 2009 ). The recent increase in atmospheric N 2 O is mainly due to human alteration of the nitrogen (N) cycle, in particular the increased use of synthetic N-based fertilizers (Mosier et al. 1998) . Regional watershed N-balance studies have revealed that most of the anthropogenic N input is transferred to gaseous forms before reaching the ocean, making terrestrial ecosystems important sites for fixed N loss, but also for potential N 2 O production (Howarth et al. 1996; Alexander et al. 2000; Snider et al. 2015) . Terrestrial N-load mitigation can partly be attributed to microbial processes in redox transition zones (RTZs) of lakes. The reactions that affect net N 2 O production include: Denitrification, nitrifier denitrification, and nitrification. Denitrification is the stepwise dissimilatory reduction of nitrate (NO 
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(NO 2 2 ), nitric oxide (NO), N 2 O, and dinitrogen gas (N 2 ), and is the only known pathway for N 2 O consumption (Fig. 1) . If incomplete, both organotrophic (i.e., oxidation of organic molecules to obtain energy) and lithotrophic (i.e., oxidation of inorganic molecules to obtain energy) denitrification can also lead to the accumulation of N 2 O (Baumann et al. 1997; Rakshit et al. 2008) . Nitrifier denitrification, the reduction of NO 2 2 to N 2 O by nitrifying bacteria (and possibly archaea) under hypoxic conditions, with O 2 concentrations of a few lmol L 21 , is another potential N 2 O source ( Fig. 1 ) (Poth and Focht 1985; Wrage et al. 2001; Treusch et al. 2005) . Nitrification, the aerobic oxidation of ammonium (NH (Hooper and Terry 1979) . The exact mechanism of this N 2 O formation from NH 2 OH is unclear. A possible intermediate is nitroxyl (HNO) (Bonner and Hughes 1988) , which then reacts to hyponitrous acid (H 2 N 2 O 2 ) (Toyoda et al. 2002; Schmidt et al. 2004 ) and eventually dehydrates to N 2 O (Fehling and Friedrichs 2011). Other potential abiotic N 2 O production mechanisms invoke the reaction of NO 2 2 with NH 2 OH (Bonner et al. 1983; Heil et al. 2014) , or the reduction of NO 2 2 with Fe 21 (Wullstein and Gilmour 1966; Jones et al. 2015) . While these abiotic reactions have been confirmed in incubation experiments with substrate concentrations in the mmol L 21 range, it is not clear as to how important they are in natural environments, where concentrations are much lower (Zhu et al. 2013) .
A powerful tool to study N 2 O production and consumption processes is the measurement of the stable N and O isotope composition of N 2 O. The value of such measurements is based on the fact that most N 2 O sources display characteristic isotope signatures, which can be used to diagnose the relative importance of different N 2 O producing reactions (e.g., Wunderlin et al. 2013 (Barford et al. 1999; Casciotti et al. 2002; Toyoda et al. 2005; Sutka et al. 2006) . Large N isotope fractionation between NH Fig. 1) (Barford et al. 1999; Ostrom et al. 2007; Yamagishi et al. 2007 ).
Similar to the bulk stable isotope composition of N 2 O, the quantification of N 2 O isotopomers, i.e., the determination of the intramolecular distribution of 15 (Toyoda and Yoshida 1999) and typically ranges from 30& to 36& for both bacterial and archaeal nitrification (Sutka et al. 2003 (Sutka et al. , 2004 (Sutka et al. , 2006 Frame and Casciotti 2010; Santoro et al. 2011) , probably due to the production of N 2 O from the nitrification intermediate NH 2 OH (Fehling and Friedrichs 2011; Heil et al. 2014; Yamazaki et al. 2014) . Conversely, N 2 O production through incomplete denitrification or nitrifier denitrification is catalyzed by enzymatic reactions, yielding SP values of 25& to 0 and 211& to 0, respectively (Sutka et al. 2003 (Sutka et al. , 2004 (Sutka et al. , 2006 Toyoda et al. 2005; Frame and Casciotti 2010) . Fractionation during N 2 O reduction to N 2 increases the SP of the residual N 2 O (Ostrom et al. 2007; Yamagishi et al. 2007 ). This is most probably due to the preferential N-O bond breakage of N 2 O molecules with 14 N in the a-position, leaving the resid- 
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Differential N 2 O dynamics in two lake basins mixed microbial communities, such as wastewater treatment plants (Wunderlin et al. 2013) , soils (Snider et al. 2009 ), groundwater ), the open ocean (Popp et al. 2002; Westley et al. 2006; Yamagishi et al. 2007) , and lakes (Sasaki et al. 2011) . Here, we use N 2 O stable isotope and isotopomer measurements to gain insight into the N 2 O dynamics in two biogeochemically distinct basins of Lake Lugano in southern Switzerland. The southern basin is holomictic, with strong density stratification and bottom water anoxia during summer and fall, and a water column overturn usually in January/February (Lehmann et al. 2004; Wenk et al. 2014b ). The dominant fixed N removal process appears to be organotrophic denitrification within the sediments (Wenk et al. 2014b ). In contrast, the deeper northern basin is generally stratified throughout the year, although exceptional mixing of the complete water column has occurred during the extremely cold and windy winters of (Holzner et al. 2009 Lehmann et al. 2015) . Sulfur-driven denitrification within the water column seems to be the main sink for fixed N, but anaerobic ammonium oxidation (anammox) contributes up to 30% of total N 2 production . In this study, we present N 2 O concentration measurements, as well as stable isotope and isotopomer distributions of N 2 O in the water column (1) to assess the spatio-temporal variability of N 2 O accumulation in the two basins, (2) to identify the dominant modes of N 2 O production, and (3) to compare the N 2 O dynamics between the two basins with 
Methods
Study site and sampling Lake Lugano is located on the southern slopes of the Alps at 271 m above sea level (Fig. 2) . A natural dam separates the lake into two main basins. The holomictic southern basin is 95 m deep. This basin is completely ventilated and oxic between February and May. In spring, increased organic matter (OM) mineralization leads to a layer of anoxic bottom water, which expands into the water column during summer and fall, reaching a maximum thickness of about 20 m (Lehmann et al. 2004; Wenk et al. 2014b ). The northern basin has a maximum water depth of 288 m and has only mixed twice completely in the last 55 years, during the exceptionally cold and windy winters of (Holzner et al. 2009 Lehmann et al. 2015) . Today, the basin is stratified, with a quasi-permanent redox-transition zone and chemocline at 125 m Blees et al. 2014a,b) . Samples were collected from both basins at sites west of the village of Figino (45.958N, 8.908E ) and south of the village of Gandria (46.018N, 9.028E), respectively ( 
N 2 O and nutrient concentrations
For N 2 O concentration analyses, water from the Niskin bottle was directly filled into 500 mL glass bottles and immediately sealed with thick butyl rubber stoppers. A 10 mL headspace was introduced, and 10 mL of aqueous NaOH solution (50% w:v) were added in exchange with sample in order to stop microbial activity. N 2 O concentrations were determined as described in Diem et al. (2012) . Briefly, 40 mL of sample water were replaced with N 2 and equilibrated over night or in an ultrasonic bath for 30 min. Headspace measurements were made on a gas chromatograph (GC, Agilent 6890N) equipped with a GS-CarbonPLOT column (Agilent) and an Electron Capture Detector (ECD). Dissolved gas N 2 O concentrations were calculated according to Weiss and Price (1980) . The average standard deviation of replicate analyses was 0.3 nmol L 21 . Additionally, N 2 O concentrations were determined during stable isotope analysis as described below. All NO or sodium iodide solution, respectively, followed by chemiluminescence detection of NO (Garside 1982; Braman and Hendrix 1989 (Koroleff 1976) .
N 2 O isotope and isotopomer analyses
Water aliquots for N 2 O isotope and isotopomer analyses were directly sampled into 160 mL glass bottles. For the August 2009 and August 2010 profiles, the bottles were sealed with butyl rubber stoppers without headspace. To stop microbial activity, 0.5 mL of a HgCl 2 solution (5% w:v) were introduced in exchange with sample water. During the October 2010 campaign, the samples were fixed by removing 2 mL of sample water and adding 0.1 mL of a HgCl 2 solution (5% w:v) before sealing the vials with butyl rubber stoppers. The samples were stored cooled until analysis. Bulk N 2 O isotope and isotopomer analyses of samples from August 2009 and 2010 were conducted at the Tokyo Institute of Technology, Japan, using an online analytical system comprising a 200 mL gas extraction chamber (Koshin Rikagaku Seisakusho, Tokyo, Japan), a stainless-steel gas transfer line, preconcentration traps, chemical traps for removal of H 2 O and CO 2 , and a gas chromatograph/isotope ratio mass spectrometer (MAT 252; Thermo Fisher Scientific Inc.) (Toyoda et al. 2009 ). Analyses of October 2010 samples were performed at Woods Hole Oceanographic Institution, as described in McIlvin and O-N 2 O, and better than 1.0& for SP. Inter-laboratory comparison of isotope measurements were conducted using gas samples, and the offsets between the two laboratories were < 0.1&, < 1.5&, and < 4& for
O, and SP, respectively . The relatively large inter-laboratory variability in SP was mostly due to the lack of available isotopomer standards at the time of this study .
Results

N 2 O concentration and isotope composition in the Lake Lugano South Basin
The seasonality of hypolimnetic oxygenation and nutrient cycling in the water column of the Lake Lugano South Basin has been described in detail elsewhere (Lehmann et al. 2004; Blees et al. 2014a , Wenk et al. 2014b . Briefly, winter water column overturn ventilates the hypolimnion, which then remains completely oxygenated between February and May. During the spring and summer months, primary production in the surface water enhances export of organic matter and respiration rates in the hypolimnion, leading to the development of an anoxic layer in the bottom water. Active denitrification within the anoxic water column and the sediment is indicated by decreasing NO 2 3 concentrations from mid-water depths toward the sediments. The denitrification and redox transition zones rise into the water column with ongoing water column stratification, and the anoxic, NH seasonal cycle starts over again, with the destratification of the water column and the collapse of O 2 and nutrient concentration gradients (Fig. 3) .
In August 2009, large amounts of dissolved N 2 O accumulated in the anoxic bottom water (Fig. 3a) . A maximum concentration of 918 nmol L 21 (i.e., 100 times atmospheric equilibrium level) was measured in the deepest sample 1 m above the sediment-water interface. A second, although weaker N 2 O maximum of 163 nmol L 21 was detected at the oxic-anoxic interface (i.e., at 83 m depth). The N 2 O peak at (Fig. 3b) . In January 2010, bottom water N 2 O accumulation was not observed at all (Fig. 3c) . At that time, N 2 O concentrations decreased from highest values in the oxic water column (12 nmol L 21 ) to undetectable levels below the oxic-anoxic interface.
In the subsequent summer season, N 2 O dynamics showed a somewhat different pattern (Fig. 4) . In August 2010, N 2 O concentrations reached a maximum of 90 nmol L 21 at the oxic-anoxic interface (88 m depth), similar to the prior sampling campaigns, but, in contrast to 2009, the N 2 O concentration dropped to much lower levels (<19 nmol L
21
) in the anoxic bottom water below, without an increase toward the sediment-water interface (Fig. 4a) . Hence, our data suggest seasonal as well as interannual variations in the timing and extent of maximum N 2 O accumulation, and the balance between N 2 O production and consumption. In apparent association with the N 2 O concentration peak, a bulk d N-site preference both increased with depth through the oxic-anoxic interface, from 46.0& to 58.7& and from 32.3& to 42.3&, respectively (Fig. 4c) .
AN 2 O concentration maximum at the oxic-anoxic interface could still be observed in October 2010, although it had dropped to 68 nmol L 21 and shoaled to a depth of 82 m (Fig. 4d) (Fig. 4f) .
N 2 O concentration and isotope composition in the Lake Lugano North Basin The nitrogen biogeochemistry of the recent years (2009) (2010) (2011) in this lake basin has been investigated in detail (Wenk et al. , 2014a , and sulfur-driven denitrification was identified as the dominant fixed N removal process in the RTZ at mid water depth, whereas organotrophic denitrification seemed to be negligible. Denitrification in the RTZ, here defined as the zone between O 2 disappearance and H 2 S accumulation, led to a decrease in NO 2 3 concentration from 30 lmol L 21 at 20 m depth to zero levels within the RTZ (Fig. 5a) 
Discussion
Large amounts of N 2 O accumulate in the Lake Lugano South Basin In August 2009, we observed extreme N 2 O oversaturation levels relative to equilibrium with the atmosphere in the anoxic bottom water of the southern basin (Fig. 3a) . The maximum N 2 O concentration of > 900 nmol L 21 was significantly higher than most peak concentrations reported for other lacustrine (Yoh et al. 1983; Sasaki et al. 2011) or marine water column environments (Popp et al. 2002; Westley et al. 2006; Yamagishi et al. 2007 ). The hydrochemical profiles in August 2009 (Fig. 3a) suggest that N 2 O is produced in the deep anoxic water column or the underlying sediments, most likely through incomplete microbial denitrification. (Fig. 3b) , suggesting strong variability in benthic N 2 O production and consumption. In fact, in October 2009, N 2 O accumulation in the water column was reduced by an order of magnitude compared to the previous sampling in August 2009 (Fig.  3a,b) . At this point, we can only speculate about the mechanisms behind the massive and sporadic N 2 O accumulation in the bottom water of the Lake Lugano South Basin. N 2 O reduction is thought to be more inertial relative to the other steps involved in enzyme-regulated denitrification (Otte et al. 1996; Baumann et al. 1997) , so that a sudden increase in denitrification rates (e.g., stimulated by increased OM inputs following spring algal blooms) could result in a lag phase between the expression of N 2 O-reducing enzymes and the actuation of the remaining denitrifying enzymatic machinery. This could possibly lead to a short-term accumulation of N 2 O. Moreover, N 2 O reductase seems most susceptible to O 2 inhibition (Babbin et al. 2015) , so that unstable redox conditions particularly during the initiation phase of water column anoxia would tend to impede the transformation of N 2 Ot oN 2 . Another mode of N 2 O production in the anoxic bottom water or the underlying sediments could be the abiotic reduction of NO 2 2 with Fe 21 (chemodenitrification) (Jones et al. 2015) . While this process has been shown to occur in soils and in laboratory experiments, we speculate that the NO 2 2 (<4 lmol L 21 ) as well as Fe 21 (<0.1 lmol L 21 ) concentrations are probably too low in the Lake Lugano South Basin (Wenk et al. 2014b) . Independent of the dominant controlling mechanisms, net N 2 O accumulation is the result of either increased N 2 O production rates or reduced N 2 O consumption.
In addition to N 2 O production in anoxic near-bottom water and/or sediments, the robust, recurrent local N 2 O concentration maximum near the oxic-anoxic interface (Fig.  3a,b) indicates a second N 2 O source higher up in the water column. While N 2 O production through incomplete denitrification cannot be fully excluded at the oxic-anoxic interface, the correspondence between the N 2 O concentration peak and the disappearance of both O 2 and NH 1 4 during all sampling campaigns in the southern basin suggests that N 2 O production in this zone is linked to nitrifying bacteria or archaea, either through NH 2 OH oxidation during nitrification or NO (Fig.  3a,b) . This prevents much of the N 2 O from entering the overlying oxic water column. Interestingly, the apparent N 2 Os i n k right below the oxic-anoxic interface corresponds spatially with the site of NO 2 2 accumulation (Fig. 3a,b) . This feature has also been observed in oceanic oxygen minimum zones, where NO 2 2 accumulation and N 2 O consumption co-occur (Ryabenko et al. 2012; Babbin et al. 2015) , and may be linked to electron donor-limited (i.e., organic matter, H 2 S, or (Fig. 3b,c) , for example, reveals that with ongoing bottom water anoxia through the fall months, N 2 O concentrations decreased to undetectable levels in the bottom water, indicating net N 2 O consumption. This seasonal trend suggests that N 2 O production was greater than N 2 O reduction (i.e., complete denitrification) at the beginning of the stratification period, whereas the opposite is true (i.e., negative N 2 O balance) during stratified conditions.
In addition to this apparently seasonal trend, we observed significant interannual variability in N 2 O dynamics in the Lake Lugano South Basin. In summer 2010, N 2 O accumulated again in the water column (Fig. 4a,d ), but not to the same extent as observed in August 2009 (Fig. 3a) . In both years, the anoxic sediments were a significant N 2 O source, as revealed in independent sediment-core flow-through incubations (Freymond et al. 2013) . In 2010, however, the high sedimentary N 2 O production rates observed by Freymond et al. (2013) remains ambivalent with regard to the actual mode of N 2 O production, i.e., canonical nitrification and N 2 O production through NH 2 OH oxidation, or nitrifier denitrification and nitrite reduction to N 2 O, respectively (Fig. 1) . Ammonium in the anoxic bottom water has a d 15 N that varies between 8& and 23&, depending on the extent of partial consumption (Wenk et al. 2014b and O 2 disappearance in the Lake Lugano South Basin can be explained by either bacterial nitrification or nitrifier denitrification (Fig. 1, Table 1 ). Archaeal N 2 O production is probably negligible, as it would produce N 2 O with a relatively high d 15 N-N 2 O (Santoro et al. 2011 ). However, SP values greater than 32& at the depth of N 2 O production during both 2010 sampling campaigns (Fig.  4) suggest a NH 2 OH-derived source of N 2 O rather than nitrifier denitrification, given that the SP for N 2 O from the latter process should be on the order of 211& to 0& ( Fig. 1 ; Table  1 ). This finding seems to contradict an earlier study by Lehmann et al. (2003) , who argued that nitrification does not play an important role at the oxic-anoxic interface in the Lake Lugano South Basin. The conclusion was based on coupled nitrate N-vs.-O isotope measurements and the absence of a presumably characteristic N-to-O isotope anomaly. However, based on the current understanding of the coupled NO 2 3 N and O isotope dynamics, the previously reported NO 2 3 isotope data are consistent with nitrification (Wenk et al. 2014a,b) . The N 2 O isotope data presented here provide evidence that ammonium-oxidizing bacteria are present in the deep Lake Lugano South Basin and sustain N 2 O production through NH 2 OH oxidation at these depths. Blees et al. (2014a) have recently demonstrated that methaneoxidizing bacteria dominate the bacterial community within the benthic nepheloid layer that forms during summer in the deep South Basin. Enzymatically, some methanotrophs seem capable of nitrification (Stein et al. 2012) , and methanotrophic nitrification appears to produce N 2 Ow i t ha ne q u a l l y high SP as canonical nitrification (Sutka et al. 2006 ). Although it is not well constrained how widespread this process is in the environment, we speculate that methanotrophic nitrification may be the prime process leading to the observed N 2 O concentration peak at the oxic-anoxic interface.
Stable isotope and isotopomer distributions in the anoxic bottom water reflect co-occurring N 2 O production through nitrification, incomplete denitrification, and N 2 O consumption in close vicinity
In August, and much more pronounced in October 2010, N 2 O reduction to N 2 in the water column or in the sediment is indicated by the parallel increase of d 15 N, d 18 O, and SP toward the sediment and the decrease in N 2 O concentration from the oxic-anoxic interface toward the sediment (Fig. 4 ). An estimate of the N and O isotope enrichment factors associated with this net N 2 O consumption was derived from a closed-system (Rayleigh) model (Mariotti et al. 1981) . If this model applies to the situation in Lake Lugano, the N 2 Oi s otope composition, d 
is the isotopic composition of the source N 2 O at the oxic-anoxic interface and the isotope enrichment factor, e, is approximated by the slope of the linear regression line. It is important to note that the Rayleigh model is of limited use for the determination of consumption-process-specific e values in systems that cannot be considered closed, and where N 2 O production co-occurs. However, any violation of the closed-system aspect of the Rayleigh approach as evidenced by the clear deviation from expected trends may in turn be used to at least qualitatively diagnose N 2 O supply/production within the net N 2 O consuming environment. In October 2010, the apparent N and O isotope enrichment factors were 15 e 1.8& and 18 e 7.9&, respectively (Fig. 6a) . These isotope effects are significantly lower than N and O isotope effects reported for N 2 O reduction in natural environments and in culture experiments ( Fig. 1 Freymond et al. (2013) that the South Basin sediments represent a net N 2 O source with denitrification being the main N 2 O production pathway. In summary, the isotope and isotopomer profiles in the RTZ reflect the overlapping isotopic imprints of N 2 O production through NH 2 OH oxidation at the oxicanoxic interface, N 2 O production through incomplete denitrification, and N 2 O reduction to N 2 below the oxic-anoxic interface and in the deep sediments.
The isotopic signature of N 2 O consumption in the Lake Lugano North Basin reflects N 2 O production through nitrifier denitrification and N 2 O consumption through denitrification In the northern basin of Lake Lugano, N 2 O concentrations were generally much lower (i.e., < 13 nmol L in the southern basin and barely exceeded tropospheric equilibrium concentrations (Fig. 5a ). Maximum N 2 O concentrations were measured at 20 m water depth, where we observed a bulk d e 8.6&, respectively. These isotope effects are comparable to what we observed in the South Basin, but are again low compared to previous estimates from natural environments and culture studies (Fig. 1, Table 1 ). This observation can partially be explained by the fact that the Rayleigh model tends to underestimate the biological isotope effects (e.g., Lehmann et al. 2003; Wenk et al. 2014a) , particularly if substrate consumption is almost complete, the substrate pool is not fully homogenized, and the investigated environment violates the closed-system rule of the Rayleigh approach. The apparent underexpression of the isotope effects associated with N 2 O consumption in the water column of the Lake Lugano North Basin is likely the result of almost complete consumption and N 2 O diffusion limitation at the reaction site within the RTZ. Here, similarly low apparent isotope effects (N, O, and C, respectively) have been observed for lithotrophic NO 2 3 reduction (Wenk et al. 2014a) , NH 1 4 oxidation (Wenk et al. 2014a) , as well as methane oxidation (Blees et al. 2014b) , which have been partly attributed to the near-complete consumption of the substrate in a comparatively narrow reaction zone. Low community isotope fractionation may thus be a general feature intrinsic to the North Basin RTZ, independent of the biogeochemical process. However the ratio of 18 O vs. 15 (Fig. 6b) , consistent with observations made for net N 2 O consumption in the Eastern Tropical North Pacific (ETNP) (Yamagishi et al. 2007 ) and in culture experiments (Ostrom et al. 2007) . Whereas denitrification in the ETNP can be assumed to be organotrophic, NO 2 3 reduction in the Lake Lugano North Basin is mostly sulfidedependent Basin, just below the oxic-anoxic interface, do not match the predicted O-to-N trend (Fig. 5b,c ) and may hence be indicative of an in situ N 2 O source. However, this is a tentative conclusion as it is based on a single measurement only.
Comparison between the two lake basins In this study, we have provided isotopic evidence for fundamentally different N 2 O production and consumption dynamics in the two Lake Lugano basins. The N 2 O isotopic signatures in the RTZ of the Lake Lugano South Basin suggest that here N 2 O accumulation is the result of a complex combination of N 2 O production through nitrification, N 2 O production through incomplete denitrification, and N 2 O reduction to N 2 , all occurring in close proximity to one another. In the Lake Lugano North Basin N 2 O is consumed to completion within the RTZ and simultaneous production through (microaerobic) nitrification is thought to be of minor importance at these depths ). Hence, the N 2 O isotope ratio and isotopomer profiles in the hypolimnion can be viewed as quasi-pure N 2 O reduction signatures, probably from sulfide-dependent denitrification.
Our results represent a good test case for the interpretation of N 2 O isotope signatures in other freshwater and marine environments. For example, we suggest a robust O to N isotope enrichment ratio of 2.5 for N 2 O consumption by lithotrophic or organotrophic denitrification, independent of the environment. Accordingly, we argue that any significant deviation from this fixed O-to-N isotope enrichment trend is due to N 2 O production that is co-occurring in or near the zone of N 2 O consumption. Modeling efforts will be needed to verify the sensitivity of the dual isotope approach toward N 2 O production. Moreover, our data revealed differential N 2 O dynamics in the two lake basins, which provide general insight into the controls on N 2 O production vs. consumption. We have shown that the environment in the South Basin, which is comparatively dynamic (e.g., with regard to the redox fluctuations), supports more net N 2 O production than the relatively stable conditions found in the North Basin. We speculate that a rapid increase in denitrification rates or physical disturbance of RTZs can cause a delayed or hindered transformation of N 2 Ot oN 2 , fostering N 2 O accumulation.
In both lake basins, water column N 2 O concentrations above the oxic-anoxic interface were comparatively low. This observation suggests that, independent of the geochemical conditions and the actual N 2 O dynamics in the RTZ, most of the internally produced N 2 O is eventually consumed before reaching the atmosphere. However, N 2 O that accumulates in deep water is likely to escape to the atmosphere during (seasonal or sporadic) mixing events through storage flux (Lehmann et al. 2015) . Because such non steady-state water-atmosphere N 2 O efflux is difficult to capture during regular sampling campaigns, it is even more important to understand the driving mechanisms behind rapid N 2 O accumulation in hypolimnetic water.
